Abstract. Water vapour concentrations are measured using the optical absorption of a Zeeman-split emission line of an argon discharge lamp. When a longitudinal magnetic field of the proper magnitude is used to split the emission line, two components of opposite circular polarization are produced: one coincident, and one off-resonance with respect to a water vapour absorption line at 10 687.36 cm −1 . Differential absorption is directly measured by alternately selecting the polarization of the light which is allowed to propagate down the optical path into a multipass absorption cell. Water vapour concentration measurements were obtained over a range of over three orders of magnitude (∼0.002-3.0%). The monitor was also shown to act directly as a mixing ratio (mole fraction) sensor (within ±10%) over a pressure range of 0.3-1.2 atm.
The need for robust, low-cost, compact instrumentation for the rapid measurement of water vapour concentrations over a wide range of conditions is an issue of great concern for both the atmospheric [1] [2] [3] and industrial sensing communities [4] . In particular, instruments are needed by atmospheric researchers for the measurement of water vapour in the troposphere and lower stratosphere using small manned and unmanned aircraft and aerial vehicles. Optical water vapour instruments can function far more rapidly and reliably than traditional instruments which rely on the equilibration of water vapour with a surface. In response to these needs, we have developed a novel water vapour monitor that utilizes optical absorption of an emission line emanating from a simple gas discharge lamp in the water vapour absorption band in the near infrared (∼935 nm) [5] . The advantages of the gas discharge lamp, compared to the use of alternative light sources (e.g. near-IR diode lasers) [6] [7] [8] [9] [10] , are the stability and reproducibility of the spectral properties of the light, which results in a relatively simple and inexpensive instrument. It also offers significant advantages in range, speed, simplicity, size and low power consumption that cannot ordinarily be achieved by other types of sensors including chilled mirror, Fourier transform infrared absorption-based and Lyman-α hygrometers.
The lamp emission of interest is the neutral argon line at 935.4 nm wavelength (10 687.43 cm −1 ) [11, 12] . This line is known to be close to, but not coincident with, a strong water vapour absorption line at 10 687.36 cm −1 ; this line is the second strongest spectral feature in the 940 nm water vapour absorption band [13] . When the emission line is Zeeman-split [14] by a longitudinal magnetic field of the proper strength, it is divided into one component that is strongly absorbed by the water vapour line, and a second component that is only weakly absorbed. Figure 1 presents a detailed simulation (calculated using HITRAN [13] ) of the relevant spectral profiles of the water absorption line at an ambient pressure of one atmosphere and the split emission lines in a magnetic field of 1600 G. As can be seen, Zeeman splitting of the emission line produces two components, one downshifted so as to overlap the maximum of the water absorption line, and one shifted to sufficiently higher frequency so as to ensure weaker absorption.
Another useful property of the Zeeman-split lamp line components is that they possess circular polarizations of opposite handedness. If the succeeding optical train is designed to discriminate between these polarizations, the ratio of the differential absorption of these components to the off-resonance component, I /I 0 , can be used to determine the column density of water vapour in an openor closed-path absorption cell. This can be accomplished by allowing the light to pass through a quarter-wave plate, which converts the two circular polarizations (of opposite handedness) to orthogonal linear polarizations. The light then passes through a liquid crystal rotator and linear polarizer element, such that when the appropriate drive signal is applied to the liquid crystal, the output is alternately switched between the two different polarization states. The modulation frequency of the measurement is limited by the frequency at which the liquid crystal cell polarization is switched. Modulation frequencies greater than 1000 Hz can be achieved using commercially available ferroelectric-type devices.
In order to demonstrate this approach, the optical system shown in figure 2 was constructed.
The argon discharge lamp used in these experiments (shown in figure 3 ) was assembled from ultrahigh-vacuum components. The active plasma volume of the argon lamp is defined by a glass capillary tube (2 mm internal diameter, 25 mm long) which fits tightly in the bore of an insulating break (i.e. an alumina ceramic section brazed to Kovar spool pieces with 3.37 cm external diameter 400 series stainless steel knife edge flanges attached). At one end of the break, a flange (functioning as the anode of the lamp) with a Pyrex TM window acts as a light port. At the other, the capillary extends into a tee fitting, lined with aluminium, that serves as the cathode of the lamp. An annealed copper tube, attached to the side arm of the tee, is used to fill the lamp with 3 torr of ultrahigh-purity argon. This tube is then pinched off to make a high-vacuum seal. A non-evaporating zirconium alloy getter, attached to the other port, removes trace impurities in the argon fill. The lamp operates at ∼200 V and 4 mA; power is provided by a switching power supply commonly used with He-Ne lasers.
The lamp is equipped with a magnetic circuit consisting of steel flanges which extend the diameter of the flanges to ∼7.5 cm, between which stacks of Nd-Fe-B permanent magnets are located.
Since the insulating break is constructed from ferromagnetic materials, it too is part of the magnetic circuit. This particular design, which has the advantage of using off-the-shelf magnets, has been shown, both by model calculations and by measurement, to produce a uniform field over the region between the ends of the Kovar tubes attached to the alumina section. A magnetic field of 1600 G was used in these experiments. The light emitted by the argon lamp is collected by a lens (chosen to efficiently image the plasma volume while rejecting the light reflected from the tube walls) and sent to the polarization selection elements. In the configuration used here, a twisted nematic liquid crystal cell driven by a 5 Hz square wave is used to provide polarization selection. In order to reject unwanted lamp emission lines outside the 940 nm band of interest, the output is also sent through a narrow-band interference filter. Light is then coupled to the multimode fibre, passed though a fibre-optic splitter, which serves as a convenient optical tap for the reference detector, and into a multipass absorption cell. The 18 meter path length off-axis multipass absorption cell (86 passes) utilizes mirrors made of glass substrates with high reflectivity (∼99.5%) dielectric coatings [15, 16] . The light output from the optical cell is coupled to a highgain transimpedance photodetection circuit (Si detectors). Common mode noise caused by lamp intensity fluctuations is then minimized by subtracting the (scaled) reference detector signal from the sensor detector signal and sending the difference signal to a lock-in amplifier in order to recover the magnitude of the 5 Hz differential absorption signal. Measurement of water vapour concentration is achieved by normalizing the lock-in output to the DC component of the combined detector signal.
In the water vapour concentration measurements reported here, a gas flow of high water vapour content in air was manufactured using a bubbler arrangement. This stream was admixed with dry air (less than 1 ppmv water vapour content) to produce mixtures ranging from 30 to 30 000 ppmv water vapour content. The gas stream containing the water vapour was propelled at approximately 3 slpm (∼0.13 mol min −1 ) through the multipass absorption cell. Pressure and temperature in the cell were measured using a capacitance manometer (1000 torr full scale) and a chromel/alumel thermocouple respectively. In order to establish the water vapour concentration in the first cell (i.e. calibrate the sensor), the gas flow was then sent through a second multipass absorption cell which could be interrogated by a cryogenically-cooled lead-salt tuneable diode laser (TDL) system which was operating at 1933 cm −1 . (Details of a typical TDL absorption spectrometer are given elsewhere [17, 18] .) This second cell was kept at much lower pressure (∼20 torr) in order to allow the TDL measurement to be made in the Dopplerbroadened pressure limit. Under these conditions, the TDL system was capable of determining the water vapour content to a precision of 1 ppmv with ∼5% accuracy (limited by the uncertainty in the absolute absorption strength of the observed line and errors in fitting the observed line shape). Although it is ideally suited for purposes of providing a water vapour content calibration instrument, the TDL system is too large and heavy and consumes too much power for use on small aircraft.
The observed absorbance (− ln(1 − I /I 0 )) of the water vapour sensor versus water vapour concentration at atmospheric pressure is shown in figure 4 . Note that the absorbance versus concentration measurements are not linear above 10 000 ppm. This deviation from Beer's Law is characteristic of instruments in which the 'off-resonance' reference beam (I 0 ) actually overlaps the absorption feature of interest. Other factors contributing to the nonlinearity are light leakage of adjacent Ar spectral lines through the band-pass filter and self-broadening of the water absorption line at higher water concentrations (i.e. the absorption cross section becomes dependent on the amount of water in the system). The noise floor exhibited by the sensor system was 3 ppmv r.m.s. for the 10 s lock-in filter time constant used which corresponds to an equivalent noise density of 20 ppmv/ √ Hz r.m.s. Improvements in lamp output and optical coupling should improve this value significantly.
We also present data taken at one water vapour concentration (970 ppmv) over a range of pressures comparable to that found in the troposphere and lower stratosphere. Figure 5 shows that over a considerable range, ∼0.3-1.2 atm (230-900 torr), the sensor acts as a mixing ratio monitor (i.e. measures the fractional water content, not the absolute number density) to within an accuracy of ±10%. Pressure-independent behaviour is typical of spectroscopically-based instruments which operate in the pressure-broadened regime (i.e. where, to first approximation, the water absorption cross section is inversely proportional to total pressure). The more complicated behaviour demonstrated by this instrument at high pressure indicates that this approximation does not strictly hold. At the lowest pressures measured, the water absorption cross section becomes independent of pressure and the instrument responds directly to water vapour number density.
In conclusion, we have demonstrated that a water vapour sensor based on the optical absorption of an emission line of an argon discharge lamp can be used to determine a range of three orders of magnitude of water vapour concentrations. With the use of faster switching liquid crystal cells (up to 1 kHz) and development of brighter argon discharge lamps, 10 Hz measurements could be achieved over a range of water vapour concentrations which is consistent with the expected water vapour levels in the troposphere and lower stratosphere. Furthermore, the sensor effectively acts as a mixing ratio monitor from 1.2 atm pressure down to 0.3 atm. Its simplicity, small size, low weight and power consumption (10 W) make it ideal for the determination of water vapour concentrations (in either open-or closed-path configuration) in the troposphere and lower stratosphere using small manned and unmanned aircraft and aerial vehicles.
